Abstract Chronic rhinosinusitis with or without polyps affects more than 10 % of the population. In the last decennium, great progress was made in the elucidation of relevant pathomechanisms of innate and adaptive immunity and in the recognition of potential environmental and intramucosal triggers. Inflammatory pathways and triggers need to be integrated into a modern concept of disease differentiation beyond the nasal endoscope; in short, remodeling and inflammatory processes can be described, involving fibrosis versus edema, which are related to the clinical phenotype; the signatures of a number of T helper cells decide on the subsequent granulocytic tissue reactions beyond the level of neutrophils versus eosinophils. Based on those pathways, biomarkers allow the prediction of the likelihood of co-morbid asthma and individual selection of appropriate treatments, from glucocorticosteroids and immune-modulatory antibiotics to innovative approaches such as humanized monoclonal antibodies against IgE and interleukin-5. These approaches currently serve as proofof-concept tools, and will expand our armamentarium tomorrow.
Introduction
There is recent interest in chronic rhinosinusitis (CRS), which is now recognized as a common disease, affecting about 11 % of the EU adult population [1] , while former figures from the US point to a rate of about 14 % in the North American population [2] . CRS by its own rights is a disabling condition [3] , but there is additionally a strong association between asthma and CRS at all ages; the association is stronger when CRS is associated with allergic rhinitis. Of great interest, CRS in the absence of nasal allergies is positively associated with late-onset asthma [4] . Although not determinable by epidemiologic studies, it is likely that CRS in these different conditions represents different entities.
The term CRS is now accepted by most scientists worldwide, and is used by the American and European guidelines [5, 6 • ]. A recent study demonstrating that changes in the inflammatory patterns of sinus mucosa are reflected in the inferior turbinates of the same patients supports this view [7] . CRS can be understood as a dysfunctional host-environment interaction at the mucosal interfaces, resulting in inadequate mucosal responses to the environment. Environmental triggers can be cigarette smoke and indoor pollution, bacteria, viruses and fungi, and allergens or superantigens.
CRS has been typically divided into CRS without nasal polyps (CRSsNP) and CRS with nasal polyps (CRSwNP), based on nasal endoscopy. In terms of etiology and pathogenesis, CRSsNP is more tightly linked to mechanical obstruction and also recently to fibrosis of the osteo-meatal complex (OMC), while CRSwNP is generally attributed to a more diffuse mucosal edematous response [8 • ] . The body of current research would suggest separate remodeling patterns, but partially overlapping inflammatory mechanisms in these diseases. For research purposes, the separation of phenotypes and eventually endotypes seems mandatory, facilitating data analysis and the determination of molecular pathways of disease. Phenotypes may be separated on clinical basis into CRSsNP and CRSwNP; the differentiation into endotypes relies on biochemical markers of inflammation such as interleukin-5 or staphylococcal enterotoxin-specific IgE antibodies, and eventually allows the prediction of co-morbidity, recurrence after surgery, or response to innovative treatment [9] . Using pheno-and endotypes, associations with environmental triggers can be studied in a meaningful way, helping us to understand the impact of the triggers and the resulting inflammatory pathways as well as their interrelation.
Inflammatory Pathways
The sinonasal epithelium provides a mechanical and innate immune barrier to the environment, and actively contributes to the regulation of the adaptive immune response. There is evidence of defects in this barrier which may foster the development of chronic mucosal inflammation in response to environmental agents and pathogenic organisms.
In CRSwNP, significantly decreased levels of the desmosomal proteins DSG2 and DSG3 [10] and tight-junction proteins claudin and occludin [11] have been reported. The expression of the epithelial protein LEKT1 is also significantly decreased in CRSwNP [12] . Lower levels of protease inhibitors like LEKT1 in the CRS epithelium may result in increased susceptibility to endogenous and exogenous protease activity [13] . This protein, encoded by the gene SPINK5, acts as a protease inhibitor involved in regulating the processing of the tight junction proteins critical to epithelial barrier function. Fungi, bacteria and many allergens all possess significant intrinsic protease activity, which, in the presence of deficient endogenous protease inhibitors such as LEKT1, may render the mechanical barrier more vulnerable to protease attack and greater mucosal penetration of foreign proteins.
Epithelial cells secrete antimicrobial molecules such as enzymes (e.g., lysozyme), opsonins (e.g., complement), anti-bacterial proteins (e.g., defensins), collectins (surfactant proteins) and other proteins (e.g., lactoferrin and mucins) [14] [15] [16] . These molecules may be increased as a sign of a response to an environmental challenge, or decreased in CRS (e.g., lactoferrin and possibly the S100 group of antimicrobials) [17] [18] [19] . S100 proteins are widely expressed in epithelial cells and have anti-microbial effects, but also effects on cell differentiation and wound healing, linking the mechanical barrier and classic antimicrobial properties [20] . Palate lung nasal epithelial clone (PLUNC), secreted by glandular epithelium with antibiofilm properties, also has been found decreased in CRSwNP [21] . It has to be mentioned, however, that the relative contribution of those deficits to the disease is unclear, and that these observations may be a consequence of rather than a starting point for disease [19] .
The epithelium also impacts on the inflammatory patterns by releasing cytokines (IL-25, IL-33 and TSLP) determining dendritic cell polarization and subsequent T cell differentiation in response to mucosal challenges [22, 23] . These cytokines may contribute to a skew in the T cell differentiation, specifically favoring Th2 cells in CRSwNP [24] [25] [26] [27] . A whole group of proteins released upon cell death, the so-called DAMPs (danger associated molecular patterns), have been identified to mainly elicit pro-inflammatory actions in the airways [28] . The soluble form of the receptor for advanced glycation end products (RAGE) was found to be upregulated in CRSsNP and likely contributes to the induction of a Th1-biased inflammation, while in CRSwNP, high ECP protein levels would break the protein down, preventing a redirection of T helper cells into the Th1 type [29] .
Dendritic cells (DCs) activate both innate and adaptive immunity via antigen capture, presentation of antigen to immature T cells, and subsequent determination of T cell responses [23] . Multiple subsets of DCs are present in the nasal mucosa [30] and seem to be increased in CRSwNP versus CRSsNP [31] . Plasmacytoid (p)DCs were found to be down-regulated in IL5? nasal polyps, whereas high levels of mucosal IFN-c favored those cells (L. Derycke, personal communication). This altered balance in DCs may play a crucial role in the inflammatory pathomechanism. Furthermore, there is an increase in macrophages in CRSwNP, and again a shift in certain populations can be observed: Krysko et al. [32 • ] have demonstrated the presence of alternatively activated macrophages (M2) especially in IL-5 positive nasal polyps, favoring the Th2 bias by the release of mediators and chemokines such as CCL 18, a chemotaxin for DCs, naïve T cells and Th2 cells [33] , but also by a deficient phagocytosis of Staphylococcus aureus, leading to an increased colonization and intramucosal survival in CRSwNP [32 • ]. S. aureus, by releasing superantigens, likely further skews the immune response to Th2, finally resulting in a persistent eosinophilic inflammation.
Inflammatory patterns within the CRS phenotypes can be differentiated based on the predominant T helper cell (Th1, Th2, Th17, Th21, Treg) and the consecutive granulocytic reaction (neutrophilic vs. eosinophilic) [34] . Recent data suggest that although there may be a prominent Th cell population orchestrating the inflammation, there often is a complex mixture of several CD4 and CD8 positive T cells present, which express and even co-express several key cytokines such as IFN-g, IL-4, IL-5, IL-17 and others (L Derycke, unpublished). Whereas IFN-g producing Th1 and IL-17 producing Th17 cells are associated with tissue neutrophilia, IL-5 releasing Th2 cells are orchestrating an eosinophilic reaction. It is noteworthy that even in strongly eosinophilic CRSwNP, there often are plenty of neutrophils present also due to the co-expression of IL-8, IL-17 and other cytokines. This mixture of inflammatory cells may partly explain differences in the therapeutic response to corticosteroids [35] and innovative biologicals such as anti-IL5 and anti-IgE [36, 37 •• ]. In Caucasian subjects, CRS with nasal polyps is considered to be orchestrated by Th2 cells, with IL-5 synthesis measurable in about 85 % of subjects, resulting in increased eosinophil survival and activation, which might also be associated with IgE formation [38] . In contrast, the predominant T-effector cell in the majority of Asian patients with polyps is the Th17 cell [34] . Asian and Caucasian patients also showed a marked difference in the prevalence of comorbid asthma, with this disease being rare in Chinese patients [39 •• ] . Among the CRSwNP endotypes, IL-5 expression is associated with a significant risk of asthma co-morbidity, which further increased with the mucosal presence of IgE to Staphylococcal superantigens and high total IgE concentrations [39 •• ] . This observation was confirmed in the Caucasian and Asian patients, although the number of Th2-biased CRSwNP was significantly lower in the latter group.
Neutrophils are abundantly present in CRS tissue in cystic fibrosis patients, with the highest concentrations of IL-8, IL-17 and MPO measurable [38] . IL 8 released by epithelial cells in response to PAR-2 stimulation appears to be the main cytokine responsible for neutrophil recruitment in CRS [40] . The cellular sources of IL-17A in nasal polyps were mainly T-lymphocytes. Anti-IL-17A antibodies were able to modulate the survival of neutrophils in nasal polyps from non-CF patients; however the survival of neutrophils in CF patients was independent of IL-17A [41] .
Mucosal immunoglobulin secretion by cells of the B lymphocyte lineage is an important part of the adaptive immune response. In the nasal mucosa, B cells undergo proliferation, differentiation and immunoglobulin-class switching to become mature plasma cells capable of substantial local antibody secretion. Secretion of sIgA works in concert with other innate protective factors and the mucociliary flow to limit mucosal colonization by germs without tissue-damaging inflammation [42] . In CRSwNP, homogenates demonstrate high levels of immunoglobulin production, notably IgA, IgE and IgG, in comparison with CRSsNP and control tissues [43] [44] [45] . Levels in polyp homogenates do not correlate with levels in serum, suggesting that significant immunoglobulin synthesis occurs locally in the nasal mucosa [46] ; high numbers of B cells and plasma cells have been reported in nasal polyps [43, 44] , and SDF-1a and BCA-1 have been identified as chemokines for the recruitment and retention of B cells in the tissue [47] . A B cell-activating factor of the TNF family (BAFF) has been found to play an important role in B cell proliferation and immunoglobulin-class switching; BAFF levels were significantly elevated in nasal polyp tissue compared to healthy tissue and CRSsNP [44] . Recent data suggest that all the necessary factors for a truly local immunoglobulin class switching and production can be found within the nasal polyp [46, 48] 
Mast cells are commonly linked to immunoglobulin E (IgE)-mediated inflammatory changes; in fact, a recent study found elevated numbers of mast cells in the sinonasal mucosa of CRSwNP patients, regardless of the atopic status, in line with observations on the role of IgE in these patients [50] . Upon activation by mucosal Ig E antibodies [49 •• ], mast cells release pre-formed granules including histamine, serotonin, proteoglycans and serine proteases; in addition, de novo synthesis and secretion of various eicosanoids, chemokines and cytokines takes place. One of the mediators found increased in CRSwNP is Prostaglandin D 2 which plays a central role in the recruitment of Th2 cells into the inflamed mucosa through a CRTH 2 dependent mechanism [51, 52] . In contrast, PGE 2 and its primary receptor EP2, which exhibits an array of anti-inflammatory, protective effects by antagonizing leukotriene action are significantly down-regulated in nasal polyp tissue [53] . This may be linked to a deficiency in the cyclooxygenase biosynthetic pathway induced by the presence of staphylococcal superantigens which may suppress PGE 2 production in structural cells [54, 55] . In line with these observations, a recent study demonstrated that in contrast to normal fibroblasts, polyp fibroblasts fail to up-regulate the cox pathway in response to inflammatory stimuli [56] .
Whereas inflammatory patterns in CRSwNP showed important variations between Asia and Europe, remodeling patterns appeared to be uniform between ethnic groups [34, 57] . These observations suggest that different inflammatory patterns exist despite comparable remodeling patterns, challenging the assumption of a strong association between inflammation and remodeling. Furthermore, in CRSsNP disease limited to the OMC, remodeling markers such as TGF and collagen were increased without signs of inflammation, further separating these two pathophysiological principles [58] . Remodelling is a dynamic process that balances extracellular matrix production and degradation which is regulated by diverse mediators amongst which transforming growth factor (TGF)-b has a central role [59, 60] . Different isoforms (TGF-ß 1, 2, and 3) have been described that can bind to membrane proteins referred as receptor types I, II, and III; TGF-b receptor signaling is a very complex mechanism and is mediated by several signaling steps involving dimerization and phosphorylation of receptor and intermediate molecules such as Smads [61] . In CRSsNP, TGF-b1 and -ß2 concentrations are higher compared to controls, as is the expression of TGF-b Rs I and RIII, and consequently, a higher number of phosphorylated Smad 2-positive cells and a higher collagen content can be observed. In contrast, a low TGF-b protein concentration, a decreased expression of TGF-b RII, and a low number of pSMad 2-positive cells in CRSwNP all indicate a low level of TGF-b signaling in nasal polyp disease reflected by a poor collagen expression and edema formation [61] . TGF-ß furthermore orchestrates the production of MMPs and of their tissue inhibitors, and is interrelated with the plasminogen activator system; those systems are further interconnected, inducing fibrinolysis in CRSwNP and favoring fibrosis in CRSsNP [62, 63] .
Inflammatory Triggers
The first European multicenter CRS prevalence study by the GALEN network [1] showed a strong association between smoking and CRS. Exposure to toxins such as tobacco smoke, but also to air pollutants (e.g., diesel exhaust fumes, ozone, sulfur dioxide, nitrogen dioxide, etc.) have the potential to damage the epithelium by the production of reactive oxygen (ROS) and nitrogen species (RNS) [64] . ROS and RNS from tobacco smoke induce pro-inflammatory cytokine secretion and epithelial apoptosis and, thus, airway epithelial barrier dysfunction [65] . Cigarette smoke may also impact ciliary beat frequency [66] and favor bacterial biofilms [67] . However, the effects of tobacco smoke in the upper airway in mice appear to be well controlled [68] , and the actual contribution of cigarette smoking to CRS etiology deserves further study.
Whereas the impact of viral infections on lower airway symptoms and exacerbations is well established, similar studies for the upper airways are lacking. Glorieux et al. demonstrated for the first time that herpes simplex virus type 1 (HSV1) has the capacity to breach the basement membrane of the nasal epithelium in vitro [69] . The virus was found to replicate in the nasal epithelium and lamina propria, leading to severe epithelial damage. Building up on these observations, Wang et al. [70 • ] investigated the interaction between S. aureus and HSV1. Both in turbinate mucosa and nasal polyp tissue, HSV1 led to focal infection of epithelial cells and invasion into the lamina propria within 72 h. After pre-infection with HSV1, but not without, S. aureus was able to pass the basement membrane and invade the mucosa. This study demonstrated that HSV1 (and possibly other viruses) may lead to a significant damage of the nasal epithelium, and consequently may facilitate invasion of S. aureus into the nasal mucosa, and also established that nasal polyp tissue is more susceptible to the invasion compared to healthy mucosa.
Staphylococcus aureus is the most common traditional bacterial pathogen identified in CRSwNP patients in Western countries [71, 72] . The incidence is much lower in Asia, and the germs presence is associated with a Th2 biased inflammatory reaction in CRSwNP patients [73] , whereas IL-5 negative polyps rather were colonized by gram-negative bucks. We and others recently demonstrated that S. aureus may reside intra-mucosally and intra-cellularly in CRSwNP, but not in healthy controls or CRSsNP subjects [74, 75] , and this may be related to the inability of macrophages to kill phagocytized germs. In line with these findings, also the presence of biofilms carrying S. aureus, but not other germs, was related to the presence of IgE to S. aureus enterotoxins and the expression of IL-5 in CRSwNP subjects [76 • ], the causality of this observation is not demonstrated yet. Once introduced intramucosally, S. aureus may release enterotoxins, which have superantigenic properties and are able to polyclonally activate T-and B cells, further skewing the inflammatory response into the Th2 direction (the Staphylococcal Superantigen Hypothesis, [60, 77] . Approximately 50 % of Caucasian CRSwNP patients demonstrate B and T cell signatures consistent with prior local staphylococcal superantigen exposure [78, 79] , and enterotoxins have been detected in CRSwNP patients but not in controls [80] . Enterotoxins induce the massive release of cytokines from T cells, among which typical Th2 signature cytokines [81 •• ] , and stimulate the expression of IgE in B cells [60] . Those polyclonal IgE antibodies have been shown to be functional upon allergen exposure, even in the absence of serum IgE or positive skin prick testing [48] . The chronic activation of polyclonal IgE-armed mast cells may further enforce the superantigenic activation of Th2 cells and finally result in a persistent mucosal inflammation, which will spread systemically and include the lower airways [37 •• ] . The strongest predictor of comorbid asthma within polyp tissue in CRSwNP patients, SE-IgE, also plays an essential role in predicting severe asthma, low lung function, and necessary hospitalizations when measured in serum [81 •• ] Fig. 1 . SE-IgE obviously is a marker for a newly discovered immune pathomechanism related to severe upper and lower airway disease [59] .
After initial enthusiasm for the hypothesis that all CRS is fungal, current evidence coupled with the failure of clinical trials with topical and oral antifungals indicates that a central role for fungi in CRs is unlikely [6 • , 82] . Furthermore, evidence that fungal antigens are the primary initiators of mucosal T cell or B cell responses observed in CRS is lacking. There is no doubt that fungi can function as allergens and induce an allergic IgE-mediated reaction; allergic rhinitis should generally be considered a superimposed problem which contributes with a variable but relatively mild impact on the inflammation seen in most CRS patients [6 • ]. The term allergic fungal rhinosinusitis (AFRS) describes a specific clinical situation with fungi, mostly Aspergillus fumigatus or flavus, growing inside the sinuses and inducing immune reaction with formation of IgG and IgE to Aspergillus antigens [83] . AFRS is classically defined by nasal polyps; characteristic thick eosinophilic mucin; characteristic CT scan findings; type 1 hypersensitivity to fungal antigens by serology or skin tests; and fungal elements in the mucin detected by culture or histology [84, 85] . However, the clinical signs for diagnosis are largely unspecific, and the term AFRS implies an allergic pathomechanism, which is misleading. Aspergillus fumigatus per se induces allergic rhinitis, but not ''AFS''; it is therefore likely that another stimulus such as superantigens from S. aureus are involved in this disease, explaining the high IgE and IgG production and severe eosinophilic inflammation [86] . The mechanisms seem indifferent from other severe inflammatory types of nasal polyps with high IgE concentrations, with Aspergillus preparing the ground for the impact of superantigens by creating a Th2 bias and eventually breaking the epithelial barrier. The term AFS will need to be revised accordingly once the mechanism has been clarified.
Conclusion: Pathophysiology, Phenotyping and Therapeutic Consequences
In recent years, inflammatory triggers and pathways have been identified which enable us to partially understand the pathophysiology of CRS, and at the same time guide us to differentiate pheno-and endotypes of disease, which are characterized by specific pathomechanisms (Fig. 1) [9] . Remodeling of the mucosa obviously is a key biochemical parameter differentiating CRSsNP from CRSwNP, and is widely equivalent to our endoscopic diagnosis; however, inflammatory patterns are less obvious clinically and require the use of biomarkers measured in the tissue-or, easier, in the serum of patients. Some of these pathways can even be used as targets for therapeutic interventions, such as anti-IL5 or anti-IgE. However, the understanding of phenotypes and endotypes may help us not only in innovative experimental approaches, but in everyday treatment; e.g., the response to topical glucocorticosteroids seems to be dependent on the type of inflammatory granulocytes, eosinophils or neutrophils [35] . In the same line, macrolides and doxycycline may merit a differential approach based on the predominant inflammation, the involvement of IgE immune responses, or the regulation of MMPs and their tissue inhibitors [6 • ]. Both, the anti-IgE and the anti-IL5 approach mark milestones in the management of CRS subtypes; both approaches not only are based on biomarkers and serve as proof-of-concept for the role of the respective pathomechanisms, but also represent innovative approaches providing new dimensions of disease control. Omalizumab, in patients with nasal polyps and comorbid asthma, demonstrated a significant therapeutic effect on upper and lower airway symptoms in allergic and non-allergic subjects [37 •• ] . The non-atopic CRSwNP patients with comorbid asthma were SE-IgE positive, as predicted from former studies [81 •• ] . This trial serves as proof-of-concept for the SE-IgE endotype of and the role of staphylococcal superantigens in nasal polyposis. Based on protein data and in vitro experiments in nasal polyps [87, 88] , identifying IL5 as key survival factor for eosinophils in polyps, a recent study confirmed the therapeutic impact of IL-5 in this disease [89 • ]. The study may serve as proof-of-concept for the role of IL5 in CRSwNP; of note, it also shows the limitation of this approach in terms of the dependence of the response on a specific IL 5 positive eosinophilic polyp endotype.
Further approaches are currently in trial or may be developed based on some of the pathways mentioned here. New technical possibilities, such as proteomics, epigenetics and deep sequencing approaches to decipher the microbiome specific for CRS subtypes are already employed and will enlarge and up speed our understanding and therapeutic perspectives.
